Background
Glutathione is a small protein made from three amino acids: glycine, cysteine, and glutamic acid. Glutathione is important because it serves several functions in the body. Glutathione is an antioxidant, necessary for the neutralizing of reactive oxygen species (or free radicals), as well as the regeneration of other antioxidants such as vitamins C and E [1, 2] . Glutathione is necessary for optimal detoxification or the removal of toxic substances from the body. In addition, glutathione is important for immune function [3, 4] .
Recent evidence shows that children diagnosed with an ASD have lower levels of plasma reduced glutathione (generally 20-40% lower) than typically developing children and their levels of oxidized glutathione are higher than typically developing children [5] [6] [7] [8] . Glutathione is produced in the transsulfuration pathway ( Figure 1 ). Other abnormalities have been found in the transsulfuration metabolites in children diagnosed with an ASD [7] , including lower levels of taurine, sulfate, and cysteine [5] . Cysteine is the rate limiting substrate for glutathione production [2] .
Finding ways to safely improve glutathione and other transsulfuration metabolites levels in these children would likely be beneficial to them. Anecdotal reports suggest that oral and transdermal glutathione are currently being used by clinicians to improve glutathione levels in children diagnosed with an ASD. However, empirical evidence in regard to their efficacy is lacking. Some research suggests that glutathione blood levels are not affected by taking glutathione, but that glutathione is made by providing the building blocks or precursors [2] .
The purpose of this study was to examine the use of two commonly used supplements in subjects diagnosed with an ASD, transdermal glutathione and oral glutathione, to determine their efficacy in raising glutathione levels and the effects of those supplements on other transsulfuration metabolites in children with an ASD diagnosis.
Material and Methods

Overview
The study was an open-label trial of two supplemental programs using two groups of children diagnosed with an ASD (one group for each supplement). The children were 3 to 13 years of age. Each child had a baseline assessment and laboratory measures completed at week 0 and children with a plasma reduced glutathione level below the normal range (3.8-5.5 µmol/L) from Vitamin Diagnostic's were randomized into one of the two supplemental programs. Participants remained in their respective program for 8 weeks. At Week 8, the laboratory measures were repeated. Side-effect burden and treatment adherence were assessed.
Location and compliance
The study was conducted at the Autism Treatment Center (Dallas, Texas). Phlebotomy took place at Medical Center Plano, Outpatient Phlebotomy (Plano, Texas).
The study protocol received Institutional Review Board (IRB) approval from Liberty IRB, Inc. (Deland, Florida). All parents signed a consent and Health Insurance Portability and Accountability Act (HIPAA) form and all received a copy.
Participants
The present study looked at consecutive qualifying participants (n = 39) who were prospectively recruited from the community of Dallas/Fort Worth, Texas area. All of the children had a diagnosis of an ASD. Children included in the present study were between 3-13 years of age and had an initial Childhood Autism Rating Scale (CARS) score of at least 30 [9, 10] . The children could not be on any medications or supplements that have an effect on glutathione. Permissible medications or other supplements that the children were taking were held constant during the course of the study. Though none were identified, this study was designed to exclude children who had a history of Fragile X syndrome, tuberous sclerosis, phenylketonuria (PKU), Lesch-Nyhan syndrome, fetal alcohol syndrome, or any history of maternal illicit drug use.
Of the 39 children who were prospectively recruited, 33 were randomly started on either oral or transdermal glutathione. The children who were excluded either had normal pretest glutathione results (3 children) or underwent a change in treatment (3 children) disqualifying them from continuing. Of the 33 children who started the trial, 26 finished the treatment. Two children were lost to follow-up and five children were withdrawn due to significant adverse side-effects. Demographics of the children who completed the study are shown in Table 1 .
Clinical evaluation
As a baseline, the researchers obtained information regarding demographics, formal diagnosis, age at diagnosis, age of apparent onset, information regarding delay or regression, any current medical issues, medications, and allergies on each child. A baseline CARS evaluation was also performed by Dr. Kern, who was trained in the use of CARS, and has 12 years experience in using the CARS to evaluate hundreds of children with an ASD diagnosis. Dr. Kern interviewed the parents and observed each child.
Lab evaluation
Following the intake evaluation, each participant in the study had blood samples collected. The laboratory specimens were all collected in the morning following an overnight fast. Specimens were immediately taken to and processed at LabCorp in Medical City Hospital (Dallas, Texas) and then shipped overnight to Vitamin Diagnostics, Inc. (Cliffwood Beach, New Jersey) (CLIA-approved) and Genova Diagnostics (Ashville, North Carolina) (CLIA-approved). Tests completed at Vitamin Diagnostics, Inc. were: plasma glutathione (reduced and oxidized); plasma SO 4 (free); plasma SO 4 (total); plasma cysteine; and plasma taurine. The test completed at Genova Diagnostics was: whole-blood glutathione. The laboratories used in the present study were blinded and received no information regarding the clinical status of any of the participants examined.
Supplementation programs
The following is a description of the two supplementation programs, oral glutathione and transdermal glutathione. In both, dosing began at one-fourth dose for 5 days, then onehalf dose for 5 days, then three-fourths dose for 5 days, and then full dose by approximately the third week, depending on how well the treatment was tolerated. These glutathione products were chosen because they are commonly used in treating those with an ASD diagnosis.
Group 1: Lipoceutical GSH (oral)
Lipoceutical GSH is made by Your Energy Systems in Palo Alto, California. Because glutathione taken orally is not wellabsorbed and utilized, glutathione, in this product, is placed in tiny nanosize spheres called liposomes, which are absorbed into the body. The liposomes are derived from lecithin. The ingredients in this product were reduced L-glutathione, lecithin, glycerin, and potassium chlorate. The dosing recommended for children was: 50 mg (1/8 th teaspoon) for every 30 lbs twice a day for 5 days; 100 mg (1/4 th teaspoon) for every 30 lbs twice a day for 5 days; 150 mg (3/8 th teaspoon) for every 30 lbs twice a day for 5 days; 200 mg (1/2 teaspoon) for every 30 lbs twice a day as tolerated thereafter. Participants were instructed to take it on an empty stomach.
Group 2: Transdermal GSH
Kirkman's Glutathione Lotion is made by Kirkman in Lake Oswego, Oregon. The product is oily in nature since stable glutathione products cannot contain water because water promotes glutathione oxidation to oxidized glutathione. The ingredients in this product were isopropyl myristate, mineral oil, caprylic/capric triglyceride, vitamin E Regressive (n)* 61.5% (8) 61.5% (8) Non-regressive (n) 38.5% (5) 38.5% (5) Autism (n) 61.5% (8) 77% (10) Autism spectrum disorders (n)** 38.5% (5) 23%
Previous treatments
Supplements + chelation (n) 7.7% (1) 23.1% (3) Table 1 . This table is a summary of the subjects with an ASD diagnosis finishing the treatment regimen employed in the present study.
Std -standard deviation. All participants examined in the present study were living in the state of Texas. * Includes participants that had a regressive event in development at any time following birth; ** Autism spectrum disorders include participants diagnosed with pervasive developmental disorder -not otherwise specified (PDD-NOS) and Asperger's disorder.
acetate (soy free), and L-glutathione. Kirkman's glutathione lotion is generally dosed at one external application of one gram, two to three times daily. Each gram (one level scoop) of Kirkman Glutathione Lotion contains 180 mg of reduced L-glutathione. The product comes with a onegram measuring scoop. Product is to be shaken well before each use to ensure uniformity. Because of its oily nature, it is recommended the lotion be applied on areas of the body with a large surface area, such as shoulders, back, upper thighs, etc. The dosing recommended for children was: one/fourth external application of one gram, three times daily for 5 days; one/half external application of one gram, three times daily for 5 days; three/fourths external application of one gram, three times daily for 5 days; one external application of one gram, two to three times daily as tolerated thereafter.
Measures
Childhood Autism Rating Scale (CARS)
The CARS was completed by the investigator (JKK) by observing the subjects and interviewing parent(s). The CARS is a recognized 15-item behavioral rating scale developed to identify autism as well as to quantitatively describe the severity of the disorder [9] . A total score of 15-29.5 is considered nonautistic; a score of 30-36.5 is considered mild to moderate autism; a score from 37-60 is considered moderate to severe autism. The CARS is a well-established measure. The internal consistency reliability alpha coefficient is 0.94; the inter-rater reliability correlation coefficient is 0.71; and the test-retest correlation coefficient is 0.88. CARS scores have high criterion-related validity when compared to clinical ratings during the same diagnostic sessions, with a significant correlation of 0.84 [9] .
Treatment Adherence Measure (TAM)
The TAM is a ten-item self-report on treatment adherence that asks specific questions regarding the dose and frequency of use. The TAM was completed by the parent at the end of the study and used to calculate the level of adherence to the treatment. It is a Morisky-type self-report adherence measure, designed to measure treatment adherence. Moriskytype adherence measures have been used widely and shown good reliability as a self-report measure [11] .
Frequency and Intensity of Side-effect Rating (FISER)/Global Rating of Side-effect Burden (GRSEB)/ Patient Report of Incidence of Side-Effects (PRISE)
The FISER/GRSEB/PRISE include global measures, each using a 7-point Likert-type scale rated 0-6, one rating anchored for frequency, another rating the intensity of sideeffects encountered in the prior week that the caregiver believes were due to the treatment, and the third asking caregivers to estimate the overall burden or degree of interference in day-to-day activities and function due to the side-effects attributable specifically to the treatment [12] . Frequency of side-effects is rated as a percent time present: 0 = no side-effects; 1 = present 10% of the time; 2 = 25% of the time; 3 = 50% of the time; 4 = 75%; 5 = 90%; and 6 = present all of the time. Intensity of side-effects ranges from 0 = no side-effects to 6 = intolerable side-effects. Impairment due to side-effects ranges from 0 = no side-effects to 6 = unable to function at all due to side-effects. The PRISE lists a variety of possible side-effects to choose from and a scale to rate the specific side-effect. The list of side-effects also includes gastrointestinal side-effects. The measure also has a place to list any side-effects not previously listed.
Statistical analyses
The statistical package contained in StatsDirect (StatsDirect Ltd., Cheshire, UK; Version 2.6.3) was utilized in the present study. In order to evaluate the pre-versus post-test results obtained in the present study, the non-parametric Wilcoxon matched-pairs signed-ranks test statistic was utilized. The null hypothesis was that there would be no difference in the data distributions pre-versus post-treatment. A two-tailed p-value ≤0.05 was considered to be statistically significant.
results
A summary of the effects of treatment on transsulfuration metabolites including plasma and whole-blood glutathione is in Table 2 . The oral treatment group showed significant increases in plasma reduced glutathione. The wholeblood glutathione level slightly increased in both treatment groups (9-12%), but the increase was not statistically significant. Both groups showed significant increases in plasma sulfate, cysteine, and taurine. There was little change in plasma oxidized glutathione in either group. Plasma free sulfate rose slightly in both groups, but the increase was not statistically significant.
Treatment compliance among the participants who finished the study was good. Frequency and dosing was well adhered to such that most participants did not miss any doses and less than 10% missed a dose once or twice.
Side-effects, as mentioned earlier, were noted. Of the 33 children started on the treatment, none to minimal sideeffects were noted in 17 children (51.5%); mild side-effects were noted in 10 children (30.3%); moderate side-effects were noted in 1 child (3.0%); and intolerable side-effects were noted in 5 children (15.1%). Of the five children whose side-effects were considered intolerable, 2 were due to a rash (transdermal glutathione) and 3 were from irritability (2 from transdermal glutathione and 1 from oral and transdermal glutathione).
discussion
Plasma sulfate, cysteine, and taurine improved significantly in both treatment groups, and plasma reduced glutathione improved significantly in the oral glutathione group. Plasma glutathione may have improved slightly in the transdermal glutathione group (11%), but the small change was not statistically significant and may not be clinically significant. These findings suggest that in children that tolerate the treatment, transdermal and oral glutathione may be used to improve levels of some of the transsulfuration metabolites. However, the increase in the sulfate, cysteine, and taurine may have been due to breakdown of the glutathione and not a true improvement in the transsulfuration pathway. Previous research by Fukagawa et al. suggests it might be due to glutathione breakdown [13] . Fukagawa et al., using a tracer, found that, after infusion of glutathione, blood cysteine increased by 61%, which was essentially equivalent to the rate of exogenous glutathione infusion. The authors stated that the data suggest that glutathione breakdown accounted for all the increase in measured cysteine turnover during exogenous glutathione infusion.
The present study showed an increase in plasma glutathione with oral glutathione use. Although there are no studies on transdermal glutathione, Hagen et al. found that, in rats, direct supplementation of oral glutathione does improve plasma glutathione levels and ultimately improved oxidative stress [14] . We did not see a change in wholeblood glutathione which suggests that increasing intracellular glutathione may require the use of precursors or building blocks for glutathione. The current literature suggests that supplementing the diet with glutathione in order to increase glutathione levels may not be optimal because glutathione is not transported into the cell [15] . For the most part, the human cell cannot absorb the glutathione molecule and it must be synthesized intracellularly [2, 15] . The only study the authors found on the use of oral or transdermal glutathione in humans was a study by Witschi et seven healthy volunteers after a single oral dose of 3 g of glutathione [16] . These results were not significant; however, sample size and methodology may have been a factor. Aebi et al. evaluated plasma and urinary total glutathione levels following intravenous infusion of 2 g/m 2 of glutathione [17] . These investigators observed significant increases in the plasma and urinary total glutathione levels following the infusion, but the overall half-life of glutathione was very short at 14.1±9.2 min.
conclusions Several significant improvements in the plasma transsulfuration parameters were seen in this study. The changes in cysteine and glutathione were similar in magnitude to differences observed between autistics and controls reported in other studies [8] ; however, the small size of the change observed makes it unclear if these changes are of clinical significance. A higher dose to possibly improve outcomes may not be reasonable considering that side-effects were noted in almost half of the participants, particularly in the transdermal group. Further, the dose used for the oral glutathione represented a high-end dose for this product.
Overall, the results suggest that oral and transdermal glutathioine supplementation may have some benefit on transsulfuration metabolites, but it is unclear whether the metabolites increased due to breakdown of glutathione. Other forms of supplementation should be investigated, especially since whole-blood or intracellular glutathione were not significantly affected. Finding ways to safely improve the glutathione and other transsulfuration metabolites levels in children with an ASD diagnosis with minimal side-effects may prove to be helpful.
